Abstract-A study of the component tolerances on an ultra-wideband (UWB) low-noise amplifier designed on a conventional printed circuit board is presented in this paper. The low-noise amplifier design employs dual-section input and output microstrip matching networks for wideband operation with a low noise figure and a flat power gain. First, the effect of passive component and manufacturing process tolerances on the low-noise amplifier performance is theoretically studied by means of sensitivity analyses. Second, simulation and measurement results are presented for verification of the analytical results. It is shown that, compared with a lumped matching network design, a microstrip matching network design significantly reduces the UWB low-noise amplifier sensitivity to component tolerances.
I. INTRODUCTION
T HE low-noise amplifier (LNA) for ultra-wideband (UWB) radio systems is one of the most critical components in the radio front-end. Due to the characteristics of UWB signals, i.e., very low radiated power (
) and large bandwidth, a UWB receiver requires better receiver sensitivity and a lower noise figure than, for example, an IEEE 802.11a receiver [1] . The expected receiver sensitivity can be achieved by an optimal design of the LNA in terms of a near-to-minimum noise figure and reasonable power gain over the entire band. On one hand, classical wideband amplifier topologies, e.g., feedback [2] , [3] and distributed amplifiers [4] , [5] , have difficulty to meet all the requirements of a near-to-minimum noise figure, low-power consumption, small area, and low cost. On the other hand, an LNA implemented with multisection matching networks provides more degrees-of-freedom to achieve both a low noise figure and flat power gain without increasing the power consumption [6] , [7] . However, as the multisection input and output matching networks have more circuit components, the LNA noise figure and power gain can be more sensitive to the statistical variations of the passive components, either they are lumped inductors and capacitors or distributed passives, e.g., using microstrip transmission lines. From our previous radio-frequency (RF) circuit designs, i.e., antenna [8] , [9] , frequency-triplexer [10] , narrowband and UWB LNAs [11] , [12] , antenna-LNA co-design [13] , [14] and UWB bias networks [15] as well as considering the passive component tolerance problem, two interesting observations were found. First, using distributed components of microstrips, very good agreement was obtained between simulated and measured results. Second, the measured circuit parameters have shown low variation from circuit to circuit under test. However, this approach to use distributed components on a printed circuit board has rarely been used in RF front-end circuit design for wideband applications, mainly due to a common view that the printed circuit board process requires large manufacturing tolerance and therefore large variation of circuit performance.
In this paper multisection UWB LNA designs with lumpedand distributed-matching networks are studied. The simplified schematics of the two UWB LNA implementations are shown in Fig. 1 . First, sensitivity analyses of the noise figure matching condition in response to frequency are done with regard to passive component tolerances. Then, simulations including real-world lumped passive component tolerances, and for the distributed matching networks, manufacturing process tolerances are performed in advanced design system (ADS) from Agilent Technologies, Inc. In order to get a clear picture of how manufacturing tolerances affect RF circuit performance, the LNA with multisection distributed matching networks is designed and manufactured in a commercial printed circuit board process aiming for a low noise figure and a flat power gain over the entire 3.1-4.8 GHz bandwidth. The simulation results of the UWB LNA with distributed matching networks are verified by experimental results. Finally, the amplifier performance with distributed matching networks on a commercial printed circuit board is discussed and concluded.
II. SENSITIVITY ANALYSIS OF WIDEBAND LNA WITH MULTISECTION MATCHING NETWORKS
Passive components, e.g., capacitors, inductors, transformers, and transmission lines, play a key role in determining the overall characteristics of RF circuits [16] , [17] . Due to their nominal value tolerances, parasitics and manufacturing process variations, the response of the multisection UWB LNA shown in Fig. 1 There are different ways to approach the passive component tolerance problem: 1) statistical analysis using electronic design automation software tools to perform Monte Carlo analysis [18] , and 2) sensitivity analysis based on sensitivity functions derived from a given circuit configuration [19] . In this work, the problem of UWB LNA parameter variation due to passive component tolerance is firstly addressed using sensitivity analysis of the matching condition. The cumulative effect of the passive component tolerances on impedance [see Fig. 1 (a)] deviation from the designed value is modeled, simulated, and verified by measurement. Other aspects as the problem of via-hole parasitics which can affect the amplifier properties at high frequencies are not treated in this study.
A. Noise-Matching Circuit Model
The effect of the input matching network and its component tolerances on the wideband LNA noise figure can be analyzed considering the circuit model shown in Figs. 2 and 3 . In Fig. 2 , the input matching network is a lossless dual-section network represented by its parallel and series reactances, , , and , , respectively. It transforms the generator resistor (usually 50 ) into a complex source impedance , , where and are the resistive and reactive parts of , as illustrated in Fig. 3(c) . The selection of the parallel and series reactances, , , and , of the lossless dual-section input matching network in Fig. 2 is not unique. The only restriction is that and and and are of opposite sign. Moreover, depending on the requirements of the application, the input and output matching networks can be implemented as band-pass, low-pass and high-pass filters [12] . For the aim of this study, low-pass matching networks of constant nodal quality factor are considered.
The active device, i.e., the transistor, is represented in Fig. 2 by its equivalent input noise impedance . In RF and microwave LNA design approaches, the noise matching condition is given as (1) where is the optimum noise impedance seen towards the generator.
is usually a known transistor parameter given by the manufacturer. Hence, using (1), the equivalent noise impedance looking into the transistor can be expressed as , i.e., and . However, the noise matching condition (1) occurs only at one frequency , and (1) becomes . In a narrow band around the resonance frequency the impedance matching condition can be represented by the RLC series equivalent network shown in Fig. 3(c) . Moreover, using two parallel-series transformations at [20] , [21] , the dual-section matching network in Fig. 3 is the loaded -factor of the matching network and related to its bandwidth (BW) by , [17] . Following [21] , the shunt and series branches [ and in Fig. 3(a) ] are resonant at . Hence, in Fig. 3(b) only the resistive component driving the rest of the circuit is shown. Finally, the source resistance and source reactance can be expressed as a function of the generator resistance and loaded -factor, as shown in Fig. 3(c) . The equivalent network in Fig. 3(c) is further used in Sections II-B and II-C for the analysis of the noise matching condition at .
B. Noise-Matching Sensitivity to Component Tolerance
The noise figure degradation due to mismatch from is usually represented by (2) where is the "spot" noise figure, i.e., calculated for a 1-Hz bandwidth at a given frequency and is the amplifier minimum attainable noise figure. is the equivalent noise conductance of the active device ( , where is the equivalent noise resistance of the device) [16] . In this study, parameters in (2) are not normalized, hence capitalized.
From (2) it is seen that the noise figure of an amplifier depends on (a) the accuracy of the noise impedance matching, represented by the and and (b) intrinsic noise transistor parameter, . For the aim of this work, , and variation due to the on-wafer process parameter variation is not considered, while and are considered to diverge from their designed (optimal) value due to component and manufacturing process tolerances. Thus, with reference to Fig. 1(a) and Fig. 3 , the source impedance is the result of generator resistance ( ) transformation and it is a function of all the reactive lumped network components, i.e., , , 2, 3, 4. For the distributed matching network case in Fig. 1(b) , the source impedance is a function of the characteristic impedance and of the electrical length of every transmission line in the network, i.e., . , where is the propagation constant [16] and is the length of every distributed element in Fig. 1(b) .
For a better insight into sensitivity aspects of the noise matching condition in terms of component value tolerances, a new approach has been used. Firstly, applying the noise wave theory [22] , is used as complex reference impedance and the source reflection coefficient is derived. Secondly, the frequency response of in terms of resonance frequency and bandwidth of the circuit in Fig. 3(c) is analyzed. Considering the circuit model in Fig. 3(c) , is [22] 
where the normalization impedance is the optimum noise impedance , i.e., a complex impedance. When the noise-matching condition (3) is achieved, . However, for values diverging form the ideal value , (3) becomes (4) where denotes the complex frequency. Equation (4) is a classical second-order function, i.e., , which allows to express the denominator as . Hence, from (4), the resonance frequency and the quality factor of the equivalent network at the input of the active device under matching conditions [16] , are
Near resonance, e.g., , and for small matching errors ( ), (4) becomes (7) The input inherent bandwidth under the near-to-noise matching condition [16] and fixed can be expressed (8) Now, studying the sensitivity of and sensitivity, rather than sensitivity to component tolerances, permits a more practical approach to the sensitivity of any LNA amplifier to component tolerances.
Classically, the sensitivity of a network function with respect to a parameter is defined as (9) where is the relative variation of the function due to parameter variation . Applying (9) to (5) and (8), the relative variation of and in terms of component value variation is given by (10) (11) Differentiating (5) and (8) with respect to real and imaginary components of , the resonance frequency and bandwidth sensitivity to and variation can be analytically derived
Since the sensitivity of the resonance frequency and input inherent bandwidth due to variations are constants ( , ), and can be minimized only by the use of high-precision components, e.g., component values near to the designed values and small tolerances. Rewriting (10) and (11), while assuming zero variation of , and , one gets for the LNA circuit model in Fig. 3 (c)
Equations (13a) and (13b) show that any variation of the output impedance of the IMN ( and ) from the designed value due to component value tolerances will result in variations of the frequency response of , i.e., deviations of the frequency and input inherent bandwidth . Finally, this will result in deviation of the UWB LNA noise figure from the optimized design value.
C. Single-Section Versus Dual-Section Input Matching Network on Source Impedance Sensitivity
For given LNA bandwidth (BW) specification and properly chosen , the loaded -value can be calculated using . Moreover, for a given transistor ( , at ), the loaded -factor value of a single-section matching network, is given by [20] , [21] (14)
For a dual -section lossless matching network, the loaded -factor value of the matching network is [20] , [21] (15)
From (14) and (15) and for the same scaling ratio , . The resistor ratio scaling conditions in (14) and (15) and the LNA bandwidth specification, usually confirm if a single-or a dual-section matching network should be used. However, if a dual-section matching network should be used, this has twice as many components compared to the single-section. After manufacturing, the resulting source impedance is a function of all these component values in the matching network and their tolerances, and it may deviate considerably from the designed value . Therefore, the sensitivity of the source impedance, defined in Fig. 2 , with regard to the -factor value for singleand dual-section matching networks will be analyzed.
For single-and dual-section matching networks, the source resistance , can be expressed as a function of the generator resistance and loaded -factor as and , respectively [20] , [21] . Hence, the sensitivity functions for single-and dual-section matching networks become
From (16) and (17) some practical aspects for the wideband amplifier design can be noted: 1) the sensitivity function accounting for matching condition increases with , and 2) low -values design of the amplifier matching networks improves not only the amplifier bandwidth but also its sensitivity to component value variations. The factor 4 in (17) indicates, however, that a dual-section matching network when compared with a single-section matching network could result in increased sensitivity of the resistive matching. In order to achieve simultaneously both low -values and low sensitivity the following condition can be deduced: (18) Equations (13), (16)- (18) have the advantage of giving a first indication on how the frequency response of any matching network configuration loaded with a complex impedance will be affected by component value tolerances. For a given transistor and a specified bandwidth, they mainly result in first-hand RF amplifier design steps, in terms of deciding if single-or multi-section matching networks should be used. For example, the UWB LNA in this work has , and the bandwidth , where , (in RF design rather than is used for reflection coefficient value and bandwidth definition). Using (9) for the noise matching condition , it results in the first . This value is less than the value of a single-section matching network transforming to as resulting from (1.1), i.e., and comparable with the value for a double-section matching network resulting from (2), i.e.,
. Hence, a double-section input matching network must be used. Then, the sensitivity relatively to -factor values, i.e., for single-and dual-section matching networks is easily calculated from (16) and (17) .
III. SIMULATION RESULTS
In order to get an accurate picture of how lumped component tolerances and manufacturing tolerances affect RF circuit performance, the lumped and distributed input matching networks of a dual-section UWB LNA [12] , [13] are simulated and analyzed in this section. Fig. 4(a) shows the multisection input matching network configurations when the lumped passive components are used while Fig. 4 (b) presents a distributed input matching network implemented with microstrip transmission lines. In order to follow the impedance transformation process from to , four different reference planes are defined and equations corresponding to different impedance levels at these planes are derived. In these models, the lumped elements are characterized by their nominal value and typical tolerances for RF surface-mounted devices ( , ) [23] , [24] . The distributed microstrip elements are characterized by the characteristic impedance and their electrical length, , , 2, 3, 4, which are defined at the resonance frequency as defined by (5) . Printed circuit board process tolerances in terms of the microstrip transmission line width ( ), length ( ), substrate height ( ), and dielectric permittivity ( ) are considered. Ideally, the generator impedance, , is transformed to the optimum complex impedance by the input matching network in Fig. 4 photolithographic and etching processes are considered correlated, i.e., all transmission lines have the same width (narrow, nominal, large) and . Then, the substrate height and dielectric permittivity deviations are considered for each case.
A. Lumped Input Matching Network Equations
The four impedances, to in Fig. 4(a) can be derived by means of iterative substitution in (19)- (22) (19) (20) (21) (22) In this way, the dual-section impedance transformation is broken into several steps. The impedance deviation from the designed value can be followed from planes 1-4, showing in a simple way the cumulative effect of the passive component tolerances on the optimal noise matching condition.
B. Distributed Input Matching Network Equations
The open stub impedance [16] Equations (27)- (30) show that the optimal noise matching condition at plane 4 depends on the variation of and the electrical length of every transmission line in the network. The characteristic impedance is related to the physical transmission line parameters and material properties, i.e., [16] . The electrical length is related to the physical length of the transmission line by , where is the propagation constant [16] and is the length of every distributed element in Fig. 4(b) .
C. Lumped Versus Distributed
For better comparison of the robustness of the lumped and distributed UWB LNA in Fig. 1(a) and (b) , (19)- (30) are computed and the results are graphically represented in Fig. 5(a) and (b) . The transformation processes from to using the nominal value of the lumped-or distributed-impedance are represented as traces on the Smith chart. The resulting impedance values at different planes in Fig. 4(a) and (b) and their variation due to passive component and manufacturing process tolerances are represented as normalized impedance values on the Smith chart. Detailed specification of the passive components is listed in Table I . Statistical simulations were performed with Advanced Design System (ADS2009) from Agilent Technologies Inc. Output noise figure variation due to lumped and distributed component tolerances over a large frequency range is shown in Fig. 6(a) and (b) . As seen in Fig. 5(b) and Fig. 6(b) , simulations taking typical printed circuit board process tolerances ( ) into consideration predict extremely low sensitivity of the noise figure of the UWB LNA, with a variation around the designed (nominal) value less than 0.6%. In contrast, as shown in Fig. 5(a) and Fig. 6(a) , lumped element tolerances result in larger variation of the noise figure, e.g., 9.5% at 4 GHz. Unlike the UWB LNA implemented with lumped elements, the LNA implemented with distributed matching networks using a conventional printed circuit board process shows an extremely low sensitivity to manufacturing process tolerances. Two main aspects related to the previous simulation results should be noted: 1) the need for experimental results to verify the low sensitivity of the distributed matching networks and 2) the need to understand why distributed matching networks provide robust performance of the LNA.
IV. EXPERIMENTAL RESULTS
Instead of manufacturing a large number of LNA modules-usually necessary when statistical analysis is performed-three different UWB LNA modules were fabricated to the purpose to compare with the simulation results. In these modules, the width of all microstrip lines ( ) including the transmission lines in the bias network is purposely modified with around the designed nominal value. The variation corresponds to the width variations given in the manufacturer process data sheet. The three UWB LNA modules are thus: one corresponding to the "nominal" UWB LNA design that is characterized by the width of the transmission lines mm for , and the other two UWB LNA modules where the width of the transmission lines is modified with ("large") and ("small"). Then, the sensitivity of UWB LNA was evaluated in terms of transmission line width variation.
The photograph of the UWB LNA, including the broadband bias network using a butterfly radial stub [15] is presented in Fig. 7(a) . The presented UWB LNA is designed for a noise figure below 4 dB and a flat transfer function over the 3.1-4.8 GHz bandwidth. The active device is MAX2649. For optimal wideband matching, the multisection wideband amplifier design is combined with the frequency-compensated matching technique [16] . The matching networks are optimized at 4.5 GHz and the amplifier is unconditionally stable by means of a shunt stabilization resistor at the output [12] . Electromagnetic simulations were performed and the distributed input and output matching networks and the wideband bias network were optimized. Grounding-via analytical model in ADS was considered in schematic simulations. On layout level, via contacts to the ground seen in Fig. 7 (b) were modeled as 2-D distributed layout components using electromagnetic simulator Momentum in ADS [25] . Simulated input reflection coefficient at 4.5 GHz is . The UWB LNA is integrated into a four-layer board shown in Fig. 8 . The topside of the board in Fig. 8 is dedicated to the UWB LNA, whereas the backside of the board to the rest of the UWB RF front-end [13] . The prototypes have a size of 23 50 mm.
The stack of the printed circuit board consists of two duallayer RO4350B boards and a RO4450 prepreg, see Fig. 8 . Table II lists the printed circuit board parameters. Metal layers 1 and 4 are thicker than metal layers 2 and 3 because the surface layers are plated twice whereas the embedded metal layers 2 and 3 are plated once.
-parameter measurements were done with a Rhode&Schwartz ZVM vector network analyzer. The Agilent N8974A Noise Figure Analyzer was used to measure the noise figure of the LNA. Fig. 9(a) and (b) shows the measured performances of the LNA.
Measured noise figure is less than 4 dB from 3.1 to near 4.8 GHz and follows the minimum noise figure of the device with some deviation at the upper frequency edge. This deviation corresponds to downward shift in frequency of the forward transfer function compared to the simulated , as illustrated in Fig. 9(b) . The measured forward transfer function is greater than 13 dB with a variation. The supply voltage is 3 V and the consumed current is 13 mA. The input third-order intercept point (IIP3) is at 4 GHz and 3.0 V supply. Using the simulated and measured results presented in Sections III and IV, the noise figure variance was calculated (variance , where is the standard deviation from the mean value). For example, at 4 GHz and in the case of the low-noise amplifier implemented with distributed matching networks, the variance of the simulated noise figure was and the variance of the measured noise figure was . In the case of the low-noise amplifier implemented with lumped matching networks, the simulated noise figure shown in Fig. 7(a) results in considerably higher values of the noise figure variance, i.e., .
V. CONCLUSION
The component tolerance effect on UWB LNA designs is studied and discussed in this work. A 3.1-4.8 GHz LNA ampli-fier using distributed dual-section matching networks was presented. It was shown that the noise matching condition in its frequency response is sensitive to value variation from the designed value due to component value tolerances. It was demonstrated that lower LNA sensitivity can be achieved only by the use of high-precision passive components. For the dual-section UWB LNA the cumulative effect of passive component tolerances on the noise matching condition was modeled, calculated and compared for lumped and distributed matching networks. Simulations have shown large deviations from the target value of the noise figure when the dual-section UWB LNA was implemented with lumped matching networks. However, simulation and measurement results of the UWB LNA implemented with distributed microstrip matching networks showed a very robust performance, despite the variation of the line width.
One important conclusion of this study is that distributed impedance transformation process results in predictable and stable impedance values, near to the designed values. The low sensitivity of distributed passive components can be explained by low relative variation of the transmission line length . For the UWB LNA presented in this work, assuming the same variation of the line length as for its width, the typical relative variation of the transmission line length was in the range of -. In contradiction to the general conception that the organic printed circuit board technology has too large process variations for radio frequency circuit design, it was demonstrated in this study that a conventional printed circuit board can in fact enable the multisection matching networks UWB LNA with more passive components design, with low sensitivity to component tolerances. 
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